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ABSTRACT
The 17,191-bp mitochondrial DNA (mtDNA) of a Japanese colubrid snake, akamata (Dinodon semicarina-

tus), was cloned and sequenced. The snake mtDNA has some peculiar features that were found in our
previous study using polymerase chain reaction: duplicate control regions that have completely identical
sequences over 1 kbp, translocation of tRNALeu(UUR) gene, shortened TcC arm for most tRNA genes,
and a pseudogene for tRNAPro. Phylogenetic analysis of amino acid sequences of protein genes suggested
an unusually high rate of molecular evolution in the snake compared to other vertebrates. Southern
hybridization experiments using mtDNAs purified from multiple akamata individuals showed that the
duplicate state of the control region is not a transient or unstable feature found in a particular individual,
but that it stably occurs in mitochondrial genomes of the species. This may, therefore, be regarded as an
unprecedented example of stable functional redundancy in animal mtDNA. However, some of the exam-
ined individuals contain a rather scanty proportion of heteroplasmic mtDNAs with an organization of
genes distinct from that of the major mtDNA. The gene organization of the minor mtDNA is in agreement
with one of models that we present to account for the concerted evolution of duplicate control regions.

SINCE the early 1980s, complete mitochondrial DNA ais 1990; Quinn and Wilson 1993; Härlid et al. 1997),
crocodilians (Seutin et al. 1994; Kumazawa and(mtDNA) sequences have been determined for a

number of vertebrates (Anderson et al. 1981; Wolsten- Nishida 1995; Quinn and Mindell 1996; Janke and
Arnason 1997), agamas (Macey et al. 1997), the Texasholme 1992; Lee and Kocher 1995; Janke and Arna-

son 1997; Zardoya and Meyer 1997 and references blind snake (Kumazawa and Nishida 1995), the bull-
frog (Yoneyama 1987), the rice frog (Macey et al. 1997),therein). However, these examples are extremely biased

toward mammals and fish, with the exception of the and sea lamprey (Lee and Kocher 1995). In these exam-
ples of gene rearrangements, there is no evidence ofchicken (Desjardins and Morais 1990), ostrich (Här-

lid et al. 1997), African clawed toad (Roe et al. 1985), duplication or deletion of specific genes or the control
region element, but rather, simply the reordering ofand alligator ( Janke and Arnason 1997). The verte-

brate mtDNAs characterized to date are double- the same 37 genes and the control region. Although
some tRNA genes are tandemly duplicated in amphi-stranded, circular DNAs of 16–17 kbp, they encode

genes for 13 proteins, two rRNAs, and 22 tRNAs, and sbaenian mtDNA, one of the redundant gene copies
may be a pseudogene (Macey et al. 1998).they have a major noncoding or control region that

contains signals for replicating the heavy strand of In our recent work (Kumazawa et al. 1996), however,
it was found that mtDNAs of several snakes (the viperidsmtDNA and for transcription (e.g., see Clayton 1992;

Wolstenholme 1992). These genomes are, therefore, himehabu and western rattlesnake, the colubrid aka-
mata, and the boids ball python and boa constrictor)conserved with respect to gene content. No repetition

or deletion of any of the genes or the control region have duplicate control regions. This finding was based
on polymerase chain reaction (PCR) amplification andhas been shown.

In the 1980s, the gene order of the vertebrate mtDNAs sequencing of two separate mtDNA regions: one sur-
rounded by cytochrome b (cytb) and 12S rRNA genes,was also considered to be conserved. This, however, no

longer holds true in light of recent findings of distinct and the other surrounded by NADH dehydrogenase
subunits 1 and 2 (ND1 and ND2, respectively) genes.mtDNA gene orders for marsupials (Pääbo et al. 1991;

Janke et al. 1994), birds (e.g., see Desjardins and Mor- Notably, in the former three species, the duplicate con-
trol regions were found to share nearly the same nucleo-
tide sequence.
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from each other, and it thus seems that there has recentlysnakes because it seems unlikely that the insertion of a
been no gene flow between populations of these islands incontrol region into a distant and unique location oc-
nature (Ota 1986). mtDNA was isolated from fresh liver essen-

curred in parallel in multiple snake lineages. Rather, it tially as described by Tapper et al. (1983). Briefly, the liver
is more likely that the control region had already been (2–10 g, depending on body size) was homogenized in 250

mm sucrose, 100 mm Tris-HCl, and 10 mm EDTA (pH 7.6),duplicated in mtDNAs of the last common ancestor of
and the mitochondrial fraction was pelleted by the differentialthe above-mentioned five snakes, which existed at least
centrifugation, followed by lysis with SDS, phenol extraction,70 mya according to fossil records for the minimum
and ethanol precipitation. Closed circular mtDNA was recov-

divergence time between the Boidae and the Viperidae- ered by ethidium bromide-CsCl equilibrium density gradient
Colubridae clade (Rage 1987). If so, it is mysterious centrifugation. After removal of ethidium bromide,

the separate fractions were desalted and concentrated withthat the duplicate state of the control region may have
a Centricon-30 centrifugal microconcentrator (Amicon, Bev-been maintained for such a long period of time in snake
erly, MA).mitochondrial genomes because any redundant genes

Akamata mtDNA was cut with restriction enzymes and
or sequences in mtDNAs, including one of the duplicate cloned into Escherichia coli pUC19 or pBR322 vector. Figure
control regions, would most likely be deleted rapidly 1A shows cloned mtDNA fragments and their arrangements.

Clones for three kinds of XbaI-digested fragments (3.9, 1.3,(see Kumazawa et al. 1996 for the reasoning).
and 1.3 kbp) were obtained. Two kinds of XbaI/EcoRI-digestedAnother mysterious point is that the control region
fragments (4.4 and 1.7 kbp) were also cloned. As describedsequences were nearly identical between the duplicate
in detail in results and discussion, the remaining portion

copies within the species while they were otherwise di- corresponding to a 4.6-kbp EcoRI-cut fragment was refractory
vergent to a large extent between the species. If the to the cloning. Instead, a 5.9-kbp fragment resulting from

partial digestion of akamata mtDNA with EcoRI and BglII wasparalogous control regions within an mtDNA molecule
cloned successfully. Both strands of these cloned mtDNA frag-had evolved independently since the presumed original
ments were sequenced with a DNA sequencer (model 373A;insertion event (.70 mya), a much more substantial
Applied Biosystems, Foster City, CA) using the primer walking

sequence difference would be expected. It was thus pro- strategy. All overlaps between the clones were confirmed by
posed that the duplicate control regions have evolved direct sequencing of PCR products amplified from the puri-

fied mtDNA template.in a highly concerted fashion (Kumazawa et al. 1996).
Southern hybridization was done with a chemiluminescenceHowever, unlike the commonness of the concerted evo-

detection system (ECL direct nucleic acid labeling and detec-lution in nuclear DNAs, examples of such concerted
tion systems; Amersham, Arlington Heights, IL) according to

evolution in mtDNA have not been reported from ani- the manufacturer’s instructions. Akamata mtDNA (50–150
mals other than the snakes. Currently available informa- ng) was cut with appropriate restriction enzymes, electropho-

resed on a 0.4% agarose gel, transferred to a nylon membranetion is too scanty to reveal the mechanism of this bizarre
(Pall Biodyne A transfer membranes, 0.2-mm pore), and hy-phenomenon, making it intriguing to further character-
bridized with a peroxidase-attached DNA probe. After hybrid-ize the concerted evolution in snake mtDNAs.
ization at 428 overnight in the manufacturer’s hybridization

In this communication, we report an entire mtDNA buffer (ECL gold buffer), to which 0.5 m NaCl and 5% block-
nucleotide sequence of a Japanese colubrid, akamata. ing agent were added, the filter was washed twice at 428 for

20 min with the primary wash buffer containing 6 m urea,On the basis of the complete gene organization of snake
0.4% SDS, and 0.33 SSC, and then washed twice at roommtDNA, we present models for the concerted evolution
temperature for 5 min with 23 SSC. In this study, two kindsof snake control regions. These models are assessed by
of probes were prepared from heat-denatured PCR products:Southern hybridization experiments that help to detect probe A, which corresponds to a sequence containing the

minor mtDNA components, and by cloning and se- tRNAVal gene and parts of flanking rRNA genes (positions
quencing of such minor molecules. The Southern hy- 880–1078 in Figure 2), and probe B, which corresponds to a

sequence inside the control region (positions 4057–4225 andbridization experiments also indicated that the dupli-
16,628–16,796). The chemiluminescent signal was detectedcate state of the control region is stable in character
with Kodak XAR-5 film. After hybridization with probe A, theand shared by multiple individuals of the species. This blot was stored at room temperature for a few days to allow

may, therefore, be regarded as an unprecedented exam- the chemiluminescent signal to decay completely. The blot
ple of stable functional redundancy in animal mtDNA. was then washed with 23 SSC and reprobed with probe B.

Genes in the determined mtDNA sequences were identifiedDetermination of the entire sequence of snake mtDNA
in light of their sequence similarity with the correspondingalso led to an unexpected finding that molecular evolu-
genes from other vertebrates, as well as structural featurestionary rates of protein genes encoded in snake mtDNA of mitochondrial tRNA genes (e.g., Kumazawa and Nishida

are unusually high. 1993). The entire nucleotide sequence of the akamata mtDNA
will appear in the DDBJ, EMBL, and GenBank nucleotide
sequence databases under the accession no. AB008539.

MATERIALS AND METHODS

Akamata (Dinodon semicarinatus) is a nonvenomous colubrid
RESULTS AND DISCUSSIONsnake that is endemic to the central Ryukyus of Japan. mtDNAs

were analyzed for four individuals from Okinawajima Island Gene organization: Figure 1A shows the gene organi-(designated Okinawa 1–4), two individuals from Tokunoshima
zation of akamata mtDNA derived from its completeIsland (Toku 1–2), and two individuals from Amamioshima

Island (Amami 1–2). These islands have long been isolated nucleotide sequence (Figure 2). Akamata mtDNA is
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in other vertebrates (IQM region). The nucleotide se-
quences of the two control regions of akamata mtDNA
are completely identical over 1 kbp (Figure 2). Because
our previous study (Kumazawa et al. 1996) used PCR
to show the existence of two control regions, we were
anxious that we may have analyzed something like PCR
artefacts, especially resulting from the jumping PCR
phenomenon (Pääbo et al. 1990). However, the conven-
tional cloning-and-sequencing strategy was used in the
present study, which unambiguously proves that the
snake mtDNA has two control regions within a single
molecule. This conclusion was additionally confirmed
by Southern hybridization experiments (see below).

Besides this anomaly in the control region, akamata
mtDNA has two distinctive features in gene organiza-
tion: the tRNALeu(UUR) gene, which occurs between
genes for 16S rRNA and ND1 in other vertebrates, is
translocated to the 39 vicinity of control region II, and
a pseudogene for tRNAPro exists in the 59 vicinity of
control region II (Figure 1A). Thus, the alteration in
gene organization is centered on the IQM region, where
insertion of an array of tRNAPro pseudogene, control
region, and tRNALeu(UUR) gene occurs between genes
for tRNAIle and tRNAGln. No other distinctive features
from the typical vertebrate organization for placental
mammals, the African clawed toad, and bony fish are
found. A stem-and-loop structure for the putative origin

Figure 1.—(A) Gene organization and restriction map of
for replicating the light strand (Wong and Claytonthe akamata mtDNA. A 17,191-bp circular mtDNA is depicted
1985) appears to be present between genes for tRNAAsnas a ring that is divided into individual genes and control

regions. Transfer RNA genes are shown as single letters stand- and tRNACys (Figure 2).
ing for the corresponding amino acid, and those whose sense The size of akamata mtDNA (17,191 bp) is nearly
strand is the light and heavy strand are shown outside and equal to or slightly larger than those of mtDNAs frominside the ring, respectively. L1, L2, S1, S2, and P* represent

other vertebrates reported to date, and the sizes of indi-genes for tRNALeu(UUR), tRNALeu(CUN), tRNASer(AGY ),
vidual structural genes are mostly common between aka-tRNASer(UCN), and a pseudogene for tRNAPro, respectively.

Abbreviations for the other genes are as follows: ND1-6, NADH mata and other vertebrates (data not shown). The base
dehydrogenase subunits 1–6; CO I–III, cytochrome oxidase composition of akamata mtDNA (Table 1) is skewed
subunits I–III; ATP6, ATPase subunit 6; ATP8, ATPase subunit similarly to those of other metazoan mtDNAs, i.e., gener-8; and cytb, cytochrome b. OH and OL stand for an origin

ally more A-T base pairs than G-C base pairs, and moreof heavy- and light-strand replication, respectively. Sites for
A and C contents (accordingly, fewer G and T contents)restriction enzymes XbaI, EcoRI, BglII, and PstI are shown, and

restriction fragments that were cloned and sequenced are in the light strand than in the heavy strand (e.g., see
indicated by bold lines. The regions corresponding to the

Asakawa et al. 1991).
hybridization probes A and B are also shown outside the ring. Control region: Each of the two control regions found(B) Gene organization of the 4.6-kbp fragment with EcoRI

in akamata mtDNA is 1018 bp long. This is the typicaltermini, which was unexpectedly cloned from the Okinawa 2
length for the control region of vertebrate mtDNAsindividual and may have been derived from a minor mtDNA

component (see text for details). known to date. Conserved sequence blocks (CSBs) I,
II, and III have been known as conserved sequence
elements among mammalian control regions (Walberg

17,191 bp long and contains 13 protein-coding genes, and Clayton 1981). All or partial members of the CSBs
two rRNA genes, and 22 tRNA genes that are commonly are also identifiable for control regions of vertebrates
encoded in the mtDNAs from other vertebrates. It also other than mammals (e.g., Roe et al. 1985; Quinn and
contains two control regions that, in other vertebrates, Wilson 1993; Lee et al. 1995; Zardoya and Meyer

occur in a single conservative location surrounded by 1997). The akamata control region contains sequences
cytb and 12S rRNA genes. The snake genome conserves that show an appreciable level of similarity with CSBs
the control region in this location (control region I) I, II, and III of other vertebrates (Figure 2). However,
and, in addition, possesses another control region (con- unlike other vertebrates, CSBs II and III appear to be
trol region II) within a tRNA gene cluster where genes tightly connected with each other. In light of experi-

mental evidence obtained for mammals (Clayton 1992for tRNAIle, tRNAGln, and tRNAMet are typically arrayed
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TABLE 1 Replication and transcription: In mammals, the con-
trol region contains all the template information re-MtDNA base composition of akamata
quired for the initiation of nascent heavy-strand synthe-and other vertebrates
sis, as well as the essential major cis-acting elements
necessary for transcriptional initiation (Clayton 1992;Base composition (%)
and references therein). Because the nucleotide se-

Species A C G T A1T A1C quences of control regions I and II are completely iden-
Akamata 34.7 27.7 12.2 25.3 60.0 62.4 tical (Figure 2), it is reasonable to infer that heavy-
Mouse 34.5 24.4 12.3 28.7 63.2 58.9 strand synthesis and transcription for both strands can
Chicken 30.3 32.5 13.5 23.8 54.1 62.8 be initiated from two separate locations in the snake
Frog 33.0 23.5 13.5 29.9 62.9 56.5 mtDNA, whereas light-strand synthesis preceded by
Sea lamprey 32.3 23.8 13.5 30.4 62.7 56.1

heavy-strand synthesis begins from a single location (Fig-
Base composition percentages of light-strand mtDNA se- ure 1A). This apparently serves to elevate the efficiency

quences are shown. of DNA replication and gene expression in the snake
mitochondria.

Mammalian mtDNAs maintain a transcriptional at-and references therein), the displacement loop (D-
tenuator-like, 13-nucleotide sequence at the 59 end ofloop) region of akamata mtDNA may start from 39 down-
the tRNALeu(UUR) gene (Christianson and Claytonstream of CSB III and end in the vicinity of termination-
1988). Light-strand RNA transcripts terminate at theassociated sequences (TASs; Doda et al. 1981), two
end of the 16S rRNA gene much more frequently thancopies of which are identifiable at the 59 end of the
they extend beyond this site to make a polycistronicsnake control region (Figure 2). As is often the case
RNA precursor for all the light-strand gene productswith other vertebrates, these TASs are situated in a re-
(Gelfand and Attardi 1981; Ojala et al. 1981). Thisgion where hairpin-like secondary structures and repeti-
attenuator is thought to regulate expression levels oftive sequences occur (Figure 2).
12S and 16S rRNAs, which should be much higher than59 upstream of the hairpins and repeats, there exists
those of tRNAs and mRNAs. Because the snake tRNALeu

a C-rich sequence that commonly occurs among several
(UUR) gene (Figure 3D) is translocated to the 39 endsnakes so far examined (Figure 2; Kumazawa et al.
of control region II, the attenuation mechanism at the1996). Sequencing reactions for both strands tend to
39 end of the 16S rRNA gene may not be operative install in the C-rich region (data not shown), suggesting
snake mitochondria. It is currently unknown how thethat this is a structural barrier for DNA polymerization.
high expression levels of rRNAs are maintained in theThe C-rich sequence may facilitate formation of the
snake mitochondria. One possibility is that light-strandD-loop by decelerating the extension of heavy-strand
transcripts may not be able to extend beyond controlsynthesis at this location. The C-rich sequence is not
regions because of the presence of a transcriptionalfound clearly in the corresponding locations of mam-
terminator within this region, and that light-strand RNAmals, frog, and fish. Birds have similar sequences, but
synthesis from control region I may be regulated to bethey have been interpreted to be involved in a hairpin
more efficient than that from control region II.structure (Quinn and Wilson 1993). As described be-

Transfer RNA genes: Akamata mtDNA encodes 22low, snake mtDNAs possess, just 59 upstream of the con-
tRNA genes and a pseudogene of tRNAPro. The antico-trol region, rather stable hairpin-like structures derived
don triplet sequences of the 22 tRNA genes (Figure 2)from the tRNAPro gene or pseudogene or an intergenic
are exactly the same as their counterparts for mammals,spacer. This hairpin may also serve as a structural barrier
chicken, and frog. It is therefore likely, though notin DNA polymerization and play a role in facilitating
conclusive, that the snake mitochondria use the samethe formation of the D-loop concertedly with TASs, the
genetic code as mammalian mitochondria (AndersonC-rich sequence, and other hairpins at the 59 end of

the control region. et al. 1981), and that this set of tRNAs is capable of

Figure 2.—Complete nucleotide sequence of the akamata mitochondrial genome. The light-strand sequence of the 17,191-
bp akamata mtDNA is presented and numbered from the 59 end of tRNAPhe gene. The starting and ending positions predicted
for each gene are shown with () or (), together with an arrow that indicates the polarity of the gene. Protein-coding genes
are translated into amino acid sequences by the mammalian genetic code. Note that stop codons for ND1, ND3, CO II, CO III,
and cytb genes appear by polyadenylation. Anticodons of tRNA genes and recognition sites by major restriction enzymes XbaI,
EcoRI, BglII, and PstI are underlined. Also underlined are several structural features that exist within the control regions and
the origin for light-strand replication. Note that the sequences of two control regions corresponding to 3602–4619 and 16,173–
17,190 are completely identical. A guanosine at position 3750, a thymidine at 16,223, and a guanosine at 16,321 were sequenced
to be an adenosine, a cytidine, and an adenosine, respectively, for a different individual collected from the same locality of
Okinawajima Island (Kumazawa et al. 1996). Note that CSB II was not identified clearly in our previous study (Kumazawa et al.
1996).
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Figure 2.—Continued.
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Figure 2.—Continued.
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Figure 2.—Continued.
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Figure 2.—Continued.
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Figure 3.—Several tRNA genes and relevant structural features found in akamata mtDNA. (A) tRNAPro gene (positions
16,111–16,172 in Figure 2). (B) tRNAPro pseudogene (3566–3601). (C) An alternative secondary structure for the tRNAPro

pseudogene (3566–3601). (D) tRNALeu(UUR) gene (4620–4692). (E) tRNAGlu gene (14,866–14,927). (F) An antisense sequence
of the tRNAGlu gene (14,864–14,931). (G) tRNAPhe gene (1–65). (H) An alternative secondary structure for the tRNAPhe gene
(1–70). Bars in stems represent Watson-Crick basepairs, and dots stand for wobble G-U pairs. Note that the guanosine indicated
by an arrow in B and C, which is the only difference from the 59 half portion of the tRNAPro gene shown in A, was not found
for a different individual from the same locality of Okinawajima Island (Kumazawa et al. 1996).

decoding all 60 sense codons of the mitochondrial ge- to be somewhat simpler in the T arm structure, which
is associated with the loss of the canonical tertiary inter-netic code without importing nuclear-cytosolic tRNAs.

Considerable truncation of the TcC arm (T arm), actions between the D and T loops.
Because the snake mitochondrial tRNAs do not ex-previously described for snake mitochondrial tRNAs

(Kumazawa et al. 1996), is also notable in akamata mito- actly conform to the canonical secondary structure
model, there remains an ambiguity in identifying thechondrial tRNA genes, most of which have ,5 bp in

the T stem. For instance, genes for tRNAPro (Figure 3A), tRNAPhe gene. The tRNAPhe gene located in the 39 vicinity
of control region I (Figure 2) can be folded into twotRNAGlu (Figure 3E), and tRNAPhe (Figure 3G) have only

3 bp in the T stem. Together with small numbers of alternative secondary structures (Figure 3, G and H),
both of which have considerable mismatches in the ac-nucleotides assigned for the T loop region, this results

in considerably truncated T arm regions for the snake ceptor stem region. Although a few mismatched pairs
may be tolerated in the acceptor stem of mitochondrialtRNAs (Figure 4). For 16 tRNAs from tRNAPro to tRNAIle

in Figure 4, the number of nucleotides in the T arm is tRNAs (Kumazawa and Nishida 1993), mismatches in
these cases occur at the acceptor end, in which thesmaller in the snake than in other vertebrates and star-

fish. For the four remaining tRNAs, i.e., leucine tRNAs, structural destabilization is crucial to the function of
tRNAs. Another possible candidate for the tRNAPhe genetRNAAsn, and tRNAGln, the figure may be constrained

to be 17 because of the need for stabilization of the exists as an antisense sequence of the tRNAGlu gene
(Figure 3F). The antisense sequence appears to includedihydrouridine loop (D loop)/T loop interaction via

conserved sequence elements, such as GG [or AG for a proper anticodon loop for tRNAPhe with more stable
acceptor stem structures than the putative tRNAPhe genestRNALeu(CUN)] in the D loop and TCR [or GCA for

tRNALeu(CUN)] in the T loop (Figure 2). These results described above. One shortcoming in the antisense
gene is the shortness of the variable loop (only twostrengthen a previous notion (Kumazawa et al. 1996)

that snake mitochondrial tRNA genes may have evolved nucleotides), which may cause difficulty in tertiary inter-
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Figure 5.—Maximum likelihood tree constructed from mi-
tochondrial protein sequences. Aligned amino acid sequences
for 12 light-strand protein genes from which gap sites were

Figure 4.—Simplification of the T arm in snake mitochon- deleted were concatenated (3444 sites in total) and analyzed
drial tRNA genes. The number of nucleotides in the T arm by PUZZLE version 4.0 (Strimmer and von Haeseler 1996).
of mitochondrial tRNA genes was compared among the mouse Shown here is the maximum likelihood tree by the QP algo-
(Bibb et al. 1981), chicken (Desjardins and Morais 1990), rithm (Strimmer and von Haeseler 1996) assuming the
African clawed toad (Roe et al. 1985), akamata (this study), mtREV24 substitution model (Adachi and Hasegawa 1996)
and starfish (Asakawa et al. 1995). The comparison was and the gamma-distributed rates of substitution over sites
made for all tRNA genes, except for two serine isoacceptors (Ota and Nei 1994). The shape parameter of the gamma
in which a common secondary structure model cannot be distribution (0.38) was calculated from the data set. Values
defined among vertebrates and starfish (e.g., see Kumazawa along internal branches are QP reliability values in percent
and Nishida 1993). The assignment of the T arm region obtained from 1000 puzzling steps (Strimmer and von

(T stem plus T loop) was done according to the method of Haeseler 1996). A scale bar indicating 0.2 substitutions per
Kumazawa and Nishida (1993). Refer to Figure 1 for the site is shown. Data source: loach, Tzeng et al. 1992; trout,
abbreviations of the tRNA genes. Zardoya et al. 1995; coelacanth, Zardoya and Meyer 1997;

lungfish, Zardoya and Meyer 1996; Xenopus, Roe et al. 1985;
mouse, Bibb et al. 1981; rat, Gadaleta et al. 1989; human,
Anderson et al. 1981; cow, Anderson et al. 1982; fin whale,actions involving nucleotides in the variable loop. We
Arnason et al. 1991; opossum, Janke et al. 1994; platypus,

thus consider that the most plausible tRNAPhe gene is
Janke et al. 1996; akamata, this study; alligator, Janke and

the one shown in Figure 3G, under the assumption Arnason 1997; chicken, Desjardins and Morais 1990; and
ostrich, Härlid et al. 1997.that RNA editing corrects mismatched base pairs in the

acceptor end. RNA editing at the acceptor stem is known
to occur for mitochondrial tRNAs of pulmonate gastro-

sequence TTTATAGTAAATACTGTAAA, which maypods and mammals (Yokobori and Pääbo 1995a,b).
form a stable hairpin structure by use of the complemen-Pseudogene for tRNAPro: The tRNAPro pseudogene
tarity between the underlined parts, and this may substi-(Figure 3B) consists of a 59 half portion of the tRNAPro

tute for the possible role of the tRNAPro pseudogenegene that exists immediately 59 upstream of control
sequence.region I (Figure 3A). The insertion of a guanosine into

Protein genes: Translated amino acid sequences forthe anticodon loop, as indicated by the arrow in Figure
12 light-strand protein genes were concatenated and3B, is the only difference between these two paralogous
used for phylogenetic analyses among akamata andsequences. It seems improbable that a functional
other vertebrates. A maximum likelihood tree (FiguretRNAPro molecule is expressed from the half-sized gene
5) was obtained by the quartet puzzling (QP) algorithmsequence. Instead, it can be folded into a rather stable
(Strimmer and von Haeseler 1996, PUZZLE versionhairpin-like structure, as shown in Figure 3C. As dis-
4.0), assuming the mtREV24 substitution model (Ada-cussed above, this structure may facilitate pausing of
chi and Hasegawa 1996) and the gamma-distributedheavy-strand replication for the formation of the D-loop
rates of substitution over sites (Ota and Nei 1994). Thewithin control region. In a viperid snake, himehabu,

which was also shown to possess duplicate control re- tree is in agreement with previous studies (e.g., Adachi

and Hasegawa 1996; Janke and Arnason 1997; Zar-gions (Kumazawa et al. 1996), a functional tRNAPro gene
is found 59 upstream of control region II, and a similar doya and Meyer 1997) with respect to topology and

branch length relating to taxa other than akamata. Aka-tRNAPro pseudogene corresponding to its 59 half portion
exists 59 upstream of control region I. In the rattlesnake, mata clusters with archosaurian taxa (i.e., birds and croc-

odiles) relative to mammals, which is supported withinstead of the half-sized tRNAPro pseudogene, a long
intergenic spacer exists in the 59 vicinity of control re- relatively high QP reliability values (.84%) that have

the same practical meaning as bootstrap values (Strim-gion I (Kumazawa et al. 1996). This spacer contains the
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Figure 6.—Southern hybridization of restriction fragments of akamata mtDNA. Samples analyzed are akamata mtDNAs from
Okinawa 4, which were digested with various restriction enzymes (A), and akamata mtDNAs from eight individuals, which were
uncut (B), digested with PstI (C), and digested with EcoRI (D). Hybridization experiments were done as described in materials

and methods. Electrophoresed gels were stained with ethidium bromide (a), and their blots were hybridized with probe A (b
and d) and then reprobed with probe B (c). The corresponding locations for probes A (complementary to positions 880–1078
in Figure 2) and probe B (positions 4057–4225 and 16,628–16,796) are also indicated in Figure 1. The time in parentheses
indicates exposure time to a Kodak film. The arrowheads indicate faint signals discussed in the text. Size markers used are
lDNA digested with HindIII (lHindIII) and circularized lDNA digested with BamHI (lBamHI). The approximate positions
corresponding to several marker bands are indicated on the right and left of the figure. Sizes of observed restriction fragments
in A-a are as follows: PstI (17.2 kbp), XbaI (10.7, 3.9, and a doublet of 1.3 kbp), EcoRI (12.6 and 4.6 kbp), BglII (10.3 and 6.9
kbp), EcoRI/XbaI (a mixture band of 4.6 and 4.4, 3.9, 1.7, and a doublet of 1.3 kbp), and EcoRI/Bgl II (10.3, 4.6, 1.3, and 1.0
kbp). Among these restriction fragments, probe A hybridized with the 17.2-kbp fragment produced by PstI, 10.7 kbp by XbaI,
12.6 kbp by EcoRI, 6.9 kbp by Bgl II, 4.6 and/or 4.4 kbp by EcoRI/XbaI, and 1.3 kbp by EcoRI/Bgl II (A-b), whereas probe B
hybridized with 17.2 kbp by PstI, 10.7 kbp by XbaI, 12.6 and 4.6 kbp by EcoRI, 10.3 and 6.9 kbp by BglII, 4.6 and/or 4.4 kbp by
EcoRI/XbaI, and 10.3 and 4.6 kbp by EcoRI/BglII (A-c).

mer and von Haeseler 1996). This phylogenetic rela- quence data computed with various substitution models
were substantially larger between akamata and othertionship is congruent with a traditional one in which

snakes are affiliated to Reptilia, Squamata (Rage 1987). taxa than among nonserpentine animals (data not
shown). This tendency was seen not only for the concate-A striking feature in Figure 5 is that a terminal branch

leading to akamata is rather long. The branch length nated sequences, but for individual protein sequences
(data not shown). These observations suggest consider-measured from the latest common ancestor between

snakes and birds is roughly three times larger for aka- ably higher rates of molecular evolution in the snake
lineage. It has recently been shown that crocodilianmata than for birds, as averaged between chicken and

ostrich. Moreover, pairwise distances among the se- mtDNAs evolve faster than mtDNAs of most other verte-
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Figure 6.—Continued.

brates (Kumazawa and Nishida 1995; Janke and Arna- tuation among lineages, as described above. The Archo-
sauria clade has been supported by various morphologi-son 1997), but the rate in snakes appears to be even

higher than that in crocodilians (Figure 5). Snakes and cal and molecular studies (e.g., Carroll 1988; Hedges

1994; Kumazawa and Nishida 1995; Janke and Arna-crocodilians are cold-blooded reptiles and, thus, the
cold bloodedness may not necessarily lead to decelera- son 1997), and thus the inclusion of snakes in this clade

is very unlikely. It seems reasonable that the gamma-tion of molecular evolution despite suggestions by some
earlier studies (Thomas and Beckenbach 1989; Ada- distributed rates were used for analyzing the mitochon-

drial protein data in Figure 5 because an estimatedchi et al. 1993; Martin and Palumbi 1993). The mecha-
nisms of the rate acceleration in snake mtDNA remain shape parameter of the gamma distribution for the data

set (0.38) points to considerable rate heterogeneity overunclear. One possibility is that a replicational mecha-
nism using two control regions (see above) may not be sites. However, we consider that future phylogenetic

studies using akamata mtDNA sequences should bevery accurate.
The tree topology shown in Figure 5 was not obtained done very carefully because of the unusually high rates

of sequence evolution. Simulation studies (Nei 1991)when the same data set was analyzed on the assumption
of uniform rate over sites or two rates (i.e., mixture of pointed to the difficulty of reconstructing the correct

phylogeny by currently used tree-building methodsvariable sites with uniform rate and invariable sites). In
these cases, akamata clustered with the alligator relative when extreme rate variations exist among lineages.

Cloning of an unexpected fragment: During theto birds (data not shown), which most likely represents
a false phylogeny resulting from considerable rate fluc- course of cloning mtDNA fragments as described in
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materials and methods, a 4.6-kbp EcoRI-cut fragment corresponded well with expectations from the physical
map (Figure 1A) based on the complete mtDNA se-covering from ND5 to 12S rRNA genes (Figure 1A)

was refractory to cloning using EcoRI-cut E. coli vectors. quence (see legend of Figure 6). In addition, this diges-
tion pattern for mtDNA of Okinawa 4 was in agreementUncloneable mtDNA fragments are known to exist (e.g.,

see Drouin 1980; Mita et al. 1988; Asakawa et al. 1995), with the pattern for mtDNA of Okinawa 2 (data not
shown) that had been obtained before its cloning andand suspected reasons for this are inhibitory effects of

cloned mitochondrial genes on the growth of E. coli as sequencing. Because probe B matches a part of the
control region sequence, its hybridization to two distinctwell as profound structural contexts near restriction

sites. Repeated rounds of the cloning trial actually gen- bands is direct evidence for the existence of duplicate
control regions within the snake mtDNA.erated clones having a 4.6-kbp insert, albeit in a low

efficiency (five clones in total after three rounds of the When purified mtDNAs from eight individuals were
electrophoresed on 0.4% agarose gel (Figure 6B-a), theycloning trial using an electroporation apparatus). These

clones were initially taken for the wanted ones owing were separated into a closed circular form with a higher
mobility on the gel and an open circular form with ato the reasonable size of the inserts, and one of the

clones was sequenced completely. lower mobility. The proportion of the two bands varied
from sample to sample, presumably because of the varia-It turned out that the 4.6-kbp insert consists of an

entirely unexpected sequence starting from an EcoRI tion in intactness of mtDNA samples stored at 2308 for
different periods. Heterogeneous DNAs with the lowestsite inside the 12S rRNA gene and continuing to genes

for tRNAVal, 16S rRNA, ND1, tRNAIle, a pseudogene for mobility were apparent in some samples (e.g., lane 11
of Figure 6B-a); however, they do not represent hetero-tRNAPro, control region, tRNAPhe, and the remaining 59

portion of the 12S rRNA gene (Figure 1B). This se- geneity of mtDNA because neither probe A nor probe
B hybridize with them (Figure 5, B-b and B-c). Theyquence corresponds exactly with a concatenated se-

quence between positions 275–4619 and positions just represent contaminating nuclear DNAs.
All the mtDNAs from eight individuals were cut with17191–274 in Figure 2, except for a single base differ-

ence: a nucleotide corresponding to a cytidine at posi- a unique PstI site, giving rise to a z17-kbp fragment
(Figure 6C-a). When digested with EcoRI, mtDNAs fromtion 266 is an adenosine for the 4.6-kbp insert. The

control region sequence in this insert is thus surrounded Okinawa 1–4 were cut into 12.6- and 4.6-kbp fragments
(Figure 6D-a). mtDNAs from individuals of the Amamiby ND1 and 12S rRNA genes, and this organization is

distinct from those around control regions I and II (see Islands (Toku 1–2 and Amami 1–2) were also cut with
EcoRI into two major fragments, but of distinct sizesFigure 1, A and B). Sequences of the other four clones

determined only from EcoRI termini were identical to (z9.5 and z7 kbp) from those of Okinawajima Island
(Okinawa 1–4). To account for the difference in size ofthat of the first clone. Moreover, inserts of these five

clones were not cut with PstI, suggesting no relation to restriction fragments between the two mtDNA haplo-
types by base substitutions, at least two substitutions (athe 4.6-kbp EcoRI fragment ranging from ND5 to 12S

rRNA genes. loss and a gain of EcoRI site) need to be assumed. This
suggests a considerably smaller genetic distance be-The recovery of multiple clones having an unex-

pected sequence necessitated us to confirm the gene tween akamata populations of the two Amami Islands
than that between these populations and the Okinawa-organization of akamata mtDNA more carefully, as well

as to examine heterogeneity of mtDNA sequences both jima population, which is in qualitative agreement with
the deduced geohistorical relationship among the threebetween and within individuals. These problems were

addressed by Southern hybridization experiments, and islands (Ota 1986). As shown in Figure 6D-c, probe B
hybridizes with both of the EcoRI-cut fragments for allthe results are presented in the next two sections. The

origin of the unexpected 4.6-kbp fragment is discussed eight individuals, irrespective of their geographic origin.
This indicates that the duplicate state of the controlin the section titled Minor mtDNA components (see below).

Confirmation of the gene organization and its stability region is not a transient or unstable feature found in a
particular individual, but that it stably occurs in thewithin species by Southern hybridization: In the South-

ern hybridization experiments shown in Figure 6, puri- mitochondrial genomes of the species.
These results validate the gene organization of aka-fied mtDNAs from eight akamata individuals (Okinawa

1–4, Amami 1–2, and Toku 1–2) were used, and one of mata mtDNA presented in Figure 1A. No distinct length
polymorphism was apparent in major mtDNA moleculesthem (Okinawa 2) corresponds to an individual from

which the complete mtDNA sequence (Figure 2) was among the eight individuals tested, although extensive
length polymorphism has been known to occur indetermined. In Figure 6A, mtDNA purified from Oki-

nawa 4 was cut with various restriction enzymes and mtDNAs of some lizards, amphibians, and fish at both
the intra- and interindividual levels (Moritz andhybridized with two kinds of probes, as described in

materials and methods. The sizes of mtDNA frag- Brown 1986, 1987; Wallis 1987; Zevering et al. 1991;
Stanton et al. 1994; Gach and Brown 1997). The du-ments generated by the enzyme digestions, as well as

the profile of hybridized bands with the probes A and B, plicate state of the control region was previously shown
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to be maintained among representative individuals of showed up in prolonged exposure of the filter shown
in Figure 6C-c (data not shown). Because the individualsseveral snake species (Kumazawa et al. 1996). On the

basis of this solid evidence, the duplication of control from which faint signals appeared or did not appear
are well correlated among Figure 5, B-d, C-d, and D-d,regions in snake mtDNAs may be regarded as an unprec-

edented example of stable functional redundancy in it is reasonable to assume that the heteroplasmic 4.6-kbp
EcoRI-cut fragment is derived from the larger mtDNAanimal mtDNA.

Minor mtDNA components: As outlined earlier, we component. Unfortunately, the content of the hetero-
plasmic mtDNA relative to the major mtDNA moleculesunexpectedly cloned a 4.6-kbp EcoRI-cut fragment that

contains the control region sequence surrounded by is too low (close to the detection limit by the hybridiza-
tion) for the larger mtDNA molecules to be fully charac-ND1 and 12S rRNA genes (Figure 1B). However, the

two control regions shown in Figure 1A are surrounded terized. In this regard, the heteroplasmy in akamata
mtDNAs is substantially different from previous exam-either by cytb and 12S rRNA genes or by ND1 and

ND2 genes. If the gene organization of Figure 1A is ples of heteroplasmic mtDNA length polymorphism
with a much higher content of larger mtDNA moleculesunambiguous, from where did the 4.6-kbp fragment

originate? It is evident that even though the 4.6-kbp (e.g., see Moritz and Brown 1987; Gach and Brown

1997).fragment is present in mtDNA samples from Okinawa
2, it is not a part of the major 17.2-kbp mtDNA molecule Molecular mechanisms of the concerted evolution:

To account for the mechanism of the concerted evolu-because probe A does not hybridize with a major 4.6-kbp
fragment generated by EcoRI-digestion of the Okinawa tion of control regions, two possible models are pre-

sented in this study (Figure 7). One is a tandem duplica-2 mtDNA (see lane 10 of Figure 6D-b). This 4.6-kbp
fragment actually corresponds to a sequence from ND5 tion model that operates during replication (Figure 7A).

A region surrounded by two control regions is tandemlyto 12S rRNA genes, as judged from its further digestion
into smaller pieces (4.0 and 0.6 kbp) with PstI (data not duplicated via slipped-strand mispairing (Moritz and

Brown 1986, 1987) or other mechanisms using twoshown).
However, much longer exposure of the same filter to identical control region sequences, giving rise to either

a larger mtDNA with three control regions or a normal-an X-ray film gave rise to a faint but discrete signal of
z4.6 kbp in size, as indicated by the arrowhead in Figure sized mtDNA with two homogeneous control region

sequences (see legend of Figure 7). In the other model,6D-d. This signal was clearly detected in Okinawa 1–2,
only weakly detected in Okinawa 3, and not detectable sequences of two control regions can be homogenized

by a mechanism such as frequent gene conversion (Fig-in Okinawa 4, Amami 1–2, and Toku 1–2. This signal
is not caused by nonspecific hybridization of probe A ure 7B). The crossing over of nicked strands between

two control regions within a mtDNA molecule leads toto the 4.6-kbp major fragment ranging from ND5 to
12S rRNA genes because the size of the faintly hybrid- formation of a Holliday structure, and a sequence of

one control region (and possibly of flanking tRNA genesized signal (z4.6 kbp) was unchanged, even when
mtDNAs cut with EcoRI and PstI, with which the 4.6- as well) may be replaced by that of the other via repair

of heteroduplex DNA intermediates (Figure 7B). Forkbp major fragment is divided into 4.0- and 0.6-kbp
fragments, were used for the hybridization (data not such a mechanism to occur, DNA recombination activi-

ties are necessary in snake mitochondria. Homologousshown). Furthermore, no hybridization with an exces-
sive amount of marker DNAs in Figure 6 supports that DNA recombination activity, which has been thought

to be inactive in animal mitochondria, is now known tononspecific hybridization is generally negligible under
the conditions used. It is, therefore, suggested that exist in mammalian (Thyagarajan et al. 1996) and

nematode (Lunt and Hyman 1997) mitochondria.mtDNA samples from some individuals of Okinawajima
Island origin contain, as a heteroplasmic state, a minor These two models were assessed by Southern hybrid-

ization experiments (Figure 6). If the second modelcomponent that gave rise to the unexpected 4.6-kbp
fragment cloned into EcoRI-cut plasmids. were to operate, two minicircle mtDNAs with a single

control region (12.6 and 4.6 kbp, respectively) mightA much longer exposure time was also applied to
filters for uncut (Figure 6B-d) and PstI-cut (Figure 6C- be generated as alternative products of the homologous

DNA recombination (Figure 7B). As shown in Figured) mtDNA samples. In lanes 10 (Okinawa 2) and 11
(Okinawa 1) of Figure 6B-d, major signals for both 6B-d, however, there is no hybridization signal for the

4.6-kbp minicircle in the reasonable position of a gel;closed and open circular bands are accompanied by
faint signals with slightly decreased mobilities, as indi- a closed circular DNA being 4.6 kbp in size should

appear between two marker bands of 4.4 and 2.3 kbp.cated by arrowheads. These faint signals also appeared
when a filter hybridized with probe B (Figure 6B-c) was This indicates that the unexpectedly cloned 4.6-kbp

fragment with EcoRI termini did not originate from itsexposed for an extended period (data not shown). In
lanes 10 and 11 of Figure 6C-d, a major signal corre- circular form. On the other hand, the first model pre-

dicts the heteroplasmic existence of larger mtDNA mol-sponding to the 17.2-kbp linear form of mtDNA is fol-
lowed by a faint signal with a lower mobility, which again ecules generated by tandem duplication (Figure 7A).
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7A or its derivatives. At this point in time, the first model
(Figure 7A) is favored by the Southern hybridization
experiments, but the second model (Figure 7B) is not
excluded. Questions still remain as to the frequency
of sequence homogenization between two paralogous
control regions and whether the replicational error
mechanism that operates for only a minor proportion
of mtDNAs in a cell can reasonably account for it (Figure
7A). Biochemical studies for mechanisms of replication
and transcription in snake mitochondria, as well as fur-
ther genetic studies on evolution of snake control region
sequences, are expected to provide clues to further un-
ravel the mystery in the concerted evolution.
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